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Measuremem.while<drilling device with pad mounted sensors 

~EXZZfi^ m. * ,, * . 

directional sensor 271 disposed in the housiM fer m»w«« I 9 1} com P nses a rotatable housing 256, a 
housing, a telemetry device IS SSS^^SS^SST* t0 the orientatio " « *• 

uphole controller (40, Fig 1), at least P *° reCetVe depth '"formation from an 

housing and being in JJU^T^T^ SSSZZ?' f? J D> T ratiVely COUp,ed to the 
and a processor 272 for determining the j£nm«£ * * h6 parameter of 

sensor, the formation evaluation sensor, and the ZS^SSSZ ^^ements made by the directional 
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MEASUREMENT-WffiLE-DRILLING 
t> EVICES wmf PAD MQTTNTttT) SENSQBS 



This invention relates to the acquisition and processing of data acquired by a 
measurement-while-driUing (MWD) tool during the drilling of a wellbore. More 
particularly, the invention relates to methods and devices for acquiring data downhole 
using sensors in contact with the borehole wall, processing the data and transmitting to 
the surface, in real-time, parameters of the formation penetrated by the borehole as the 
borehole is being drilled using MWD 
telemetry. 



Modem well drilling techniques, particularly those concerned with the drilling 
of oil and gas wells, involve the use of several different measurement and telemetry 
systems to provide petrophysical data and data regarding drilling mechanics during the 
drilling process. Data is acquired by sensors located in the drill string near the bit and 
either stored in downhole memory or transmitted to the surface using MWD telemetry 
devices. 

Prior art discloses the use of a downhole device incorporating resistivity, gravity and 
magnetic measurements on a rotating drillstring. A downhole processor uses the 
gravity and magnetic data to determine the orientation of the drill string and, using 
measurements from the resistivity device, makes measurements of formation resistivity 
at time intervals selected to give measurements spaced around the borehole. These 
data are compressed and transmitted uphole by a mud pulse telemetry system. The 



depth of the resistivity sensor is computed at the surface and the data are 
decompressed to give a resistivity image of the face of the borehole wall with an 
azimuthal resolution of 30°\ 

Prior art methods are limited to making resistivity measurements in the 
subsurface and fail to address the issue of other useful measurements that could be 
made using an MWD device. Prior art devices are also limited to measurement devices 
that rotate with the drill string and do not take advantage of current drilling methods 
wherein a mud motor is used and the drill bit could be rotating at a different speed 
from the drill string or wherein a non-rotating sleeve may be available on which 
substantially non-rotating measuring devices could be located. The rate at which 
measurements are made is selected to be constrained by the data transmission rate of 
the telemetry system. Prior art systems thus fail to take advantage of the inherently 
higher capability of measuring devices and the ability to use redundant data to improve 
the signal-to-noise (S/N) ratio. Prior art also relies on an uphole determination of the 
depth of the tool, whereas if the determination of the depth of the tool were made 
downhole inteUigent decisions could be made about the amount of data to transmit 
uphole. The present invention overcomes these inadequacies. 



The present invention is an apparatus and method of making measurements of a 
plurality of parameters of interest of the formation surrounding a borehole. In one 
aspect of the invention, the drill bit is mounted on a rotating drillstring and the 
downhole assembly is provided with sensors that rotate with the drillstring to make 



measurements of the parameters of interest. The assembly is provided with magnetic 
and inertial sensors to provide information on the orientation of the measurement 
sensors. A telemetry system sends information downhole about the depth of the 
drilling assembly. A processor downhole combines the depth and azimuth information 
with the measurements made by the rotating sensors, uses redundancy in the data to 
improve S/N ratio, compresses the data and sends it uphole by a telemetry system or 
stores it downhole for later retrieval. 

In another aspect of the invention, the drill bit is driven by a downhole drilling 
motor. The motor may be on a rotating drillstring or on coiled tubing. The sensors for 
measuring the parameters of interest could be rotating with the drill bit. Alternatively, 
the sensors could have one of several configurations. In one configuration, the sensors 
are mounted on a substantially non-rotating sleeve; in another configuration, the 
sensors are mounted on pads that could be rotating or non-rotating, the pads being 
hydraulically or mechanically actuated to make contact with the borehole wall; in yet 
another configuration, the sensors are mounted on substantially non-rotating rib- 
steering devices used to control-the direction^ the downhole drilling tool. In any of 
these arrangements, the downhole assembly is provided with sensors that make 
measurements of the parameters of interest. The assembly is provided with magnetic 
and inertial sensors to provide information on the orientation of the measurement 
sensors. A telemetry system sends information downhole about the depth of the 
drilling assembly. A microprocessor downhole combines the depth and azimuth 
information with the measurements made by the rotating sensors, uses redundancy in 
the data to improve S/N ratio, compresses the data and sends it uphole by a telemetry 



wave veloc*, and — * *— • — * «' ™* — ^ ^ 
images of the formation.. 

As . backup to, or independent* of, obtaining <be dap* informal by 
rate of penetration. 

— - ~ ta4,,, T?* ,,,, 

MG lis a scherrat* illustration of a drilling system. 

PIG. 2 a drUling assemb* fot use with a surfcce rotar, for drilling 

bo.ebo.ea —be drilling assembly baa a non-rotadng sieeve for effecting 
directional changes downhole. 

FIG 3A illustrates the arrangement of resisdviry sensors on a pad. 

nG 3B mustratea the overlap between pads on a routing aenaor arrangement. 

nG . 3C aiustra.es ftep^s on a non-rotating sleeve use4 for resist 

measurements. 

HO. 3D illustrates the a pad used for resiauvUv measuremenrs that rotates with the 
drilling shaft- 

PIG 3* illustrates the arrangement of den* sensors according to the present 
invention. 

PIG 3 F illustrates the arrangement of elastic transducers on apad 
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FIG. 4 illustrates the acquisition of a set of reverse VSP data according to the present 
invention. 

FIGS. 5A- 5B show a method by which depth is calculated downhole.. 

FIG. 6A and 6B are schematic illustrations of the sequence of data flow in processing 

the data. 

FIGS. 7A - 7D are schematic illustrations of the invention in which NMR 
measurements are made using pad mounted sensors. 

FIG. 8 illustrates an arrangement of permanent magnets on the housing according to 

one aspect of this invention. 

FIGS* 9A - 9C are schematic illustrations of the invention in which electromagnetic 
induction measurements are made at various azimuths. 

FIG. 1 shows a schematic diagram of, a drilling system 10 having a drilling 
assembly 90 shown conveyed in a borehole 26 for drilling the wellbore. The drilling 
system 10 includes a conventional derrick 11 erected on a floor 12 which supports a 
""rotary table 14 that is rotated by a prime mover such as an electric motor (not shown) 
at a desired rotational speed. The drill string 20 includes a drill pipe 22 extending 
downward from the rotary table 14 into the borehole 26. The drill bit SO attached to 
the end of the drill string breaks up the geological formations when it is rotated to drill 
the borehole 26. The drill string 20 is coupled to a drawworks 30 via a Kelly joint 21, 
swivel, 28 and line 29 through a pulley 23. During drilling operations, the drawworks 
30 is operated to control the weight on bit, which is an important parameter that 
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The operation of the drawworks is well known in the 



affects the rate of penetration, 
art and is thus not described in detail herein. 

During driUing operations, a suitable drilling fluid 31 from a mud pi. (source) 
32 is circulated under pressure through ,he drill suing by a mud pump 34. The drilling 
fluid passes from the mud putnp 34 into the drill suing 20 via a desurger 3d, fluid line 
28 and Kehy join, 21. The driUing fluid 31 is discharged at the borehole bottom 5. 
thr ough an opening in .he dnl. bit SO. The drihing fluid 31 chnnla.es uphole .hrough 

annuUr space 27 b«we«n suing 2. ami me borehole 2d and returns ,o «ha 

maa pit 32 via a renam Une 35. A sensor S, preferably placed in me Hne 33 provides 
^onuationaboutmefluidflowrate. A surface torque sensor «. andasensorS, 
associated with .he dull suing 20. respective* provide mformadon about me torque 
ana rotational speed of me driflstfng. Addibonally, a sensor (no. shown) associated 
with line 29 is used to provide the hook load of .he drill string 20. 

fa one embodiment of fh. motion, me dtfll bh 50 is routed b, ordy tearing 
A c drill pipe 52. in another embodimen. of me invention, a downhole motor 55 (mud 
m o,or, is disposed inthe drilling assembly 90 .o.ro.ate .he drifl bh 50 and me dnU pipe 
22 U routed usuahy to supplement me rotational power, if mquired, andto effect 
changes in .he drilling direction. 

ta the preferred embodimen. of FIG. 1, the mud motor 55 is cnupled to me 
«| bi, 50 via a drive shaft (not shown) dispose, in a beanng aasembiy 57. The mud 
m o,or ro.a.cs me dnU bi. 50 when *e drilling fluid 3, passes through me mud mo.or 
55 under pressure. The bearing assembiy 57 .ppons me radial and a»a. forces of *e 
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drill bit. A stabilizer 58 coupled to the bearing assembly 57 acts as a centializer for the 
lowermost portion of the mud motor assembly. 

In one embodiment of the invention, a drilling sensor module 59 is placed near 
the drill bit 50. The drilling sensormod^ circuitry and processing 

software and algorithms relating to the dynamic drilling parameters. Such parameters 
preferably include bit bounce, stick-slip of the drilling assembly, backward rotation, 
torque, shocks, borehole and annulus pressure, acceleration measurements and other 
measurements of the drill bit condition. The drilling sensor module processes the 
sensor information and transmits it to the surface control unit 40 via a suitable 
telemetry system 72. 

FIG. 2 shows a schematic diagram of a rotaiy drilling assembly 255 conveyable 
downhole by a drill pipe (not shown) that includes a device for changing drilling 
direction without stopping the drilling operations for use in the drilling system 10 
shown in FIG. I. The drilling assembly 255 has an outer housing 256 with an upper 
joint 257a for connection to.the.drill pipe (not shown) and a lower joint 257b for 
accommodating the drill bit 55. During drilling operations, the housing, and thus the 
drill bit 55, rotate when the drill pipe is rotated by the rotary table at the surface. The 
lower end 25S of the housing 256 has leduced outer dimensions 258 and bore 259 
therethrough. The reduced-dimensioned end 258 has a shaft 260 that is connected to 
the lower end 257b and a passage 26 for allowing the drilling fluid to pass to the drill 
bit 55. A non-rotating sleeve 262 is disposed on the outside of the reduced 
dimensioned end 258, in that when the housing 256 is rotated to rotate the drill bit 55, 
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*cno n -rou6ngs.c.ve2« 2re ^n 5 b 1 i«positioaAplura.i VO fmdepend en Uy 
4^ or o^W. Pads 264 are disposed on the outside of ft. novating 
stecve 262. Each pad 264 is preferably hydraulic^ operated by a control unit in the 
driUingassemb^. Aplurality of formation sensors is located on eaoh of thepads 
26 4. Those versed in the art would aiso recede that these pads, because they are 
provided with the ability for selectively ending or retracting during drilling 
operations, can also be us*, as subuizers and for conrroMng the drUHng direction. 
Mechanises for extending the pads .0 make conuct could be operated by hydremic. 
m echanicai or electee! devices. A commonly used mechanical arrangement » «» b™ 
*. pads mourned on springs thatkeep the pads in contact with ft. borehole wan. 
Such devices would be fhmWto those versed in the art. Alternatively, the drilling 
assembly could be provided with separate stabilizer and steering assemblies. The 
arrangement of the formation sensors is disoussed below in reference to FIG. 3A- 3F 

The drilling assembly also includes a ammonal sensor 271 near the upper end 
25 7a and sensors for detuning the temperatum, pressure Md flow rate, weight on 
bi , rotational speed of the drflli* radial and axial vibrations, shock and whir.. 
Without limiting the scope of the invention, the directional seosors 27! cornd be of the 
noetic or menial type The drilUng assembly 255 preferably includes a number of 
non-magnetic stabilizers 276 near the upper end 257a for providing latere, or radial 
Ability to the drill suing during drilling operation, A flexible joint 278 is disposed 
between the section 280 and the section contenting the non-rotating slee« 262. A 
control unit designate by 284 indudes a contro. circuit or circuits having one or more 
processors. The processing of si^s is performed generally in the manner described 
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below in reference to FIG. 5A-5B. A telemetry device, in the form of an 
electromagnetic device, an acoustic devise, a mud-pulse device or any other suitable 
device, generally designated hereinby 286 is disposed in the drilling assembly at a 
suitable place. A microprocessor 272 is also disposed in the drilling assembly at a 
suitable location. 

FIG. 3A illustrates the arrangement of ^plurality of resistivity sensors on a 
single pad 264. The electrodes are arranged in a plurality of rows and columns: in 
FIG. 3A, two columns and four rows are shown, with the electrodes identified from 
301aa to 301db. In a typical arrangement, the buttons would be an inch apart. 
Having a plurality of columns increases the azimuthal resolution of resistivity 
measurements while having a plurality of rows increases the vertical resolution of 
resistivity measurements. 

FIG 3B illustrates how a plurality of pads, six in this case, can provide 
resistivity measurements around the borehole. In the figure, the six pads are shown as 
264 at a particular depth of the drilling assembly. For illustrative purposes, the 
borehole wall has been "unwrapped*' with the six pads spread out over 360° of 
azimuth. As noted above, the pads are on amis that extend outward from the tool 
body to contact the wall. The gap between the adjacent pads will depend upon the size 
of the borehole: in a larger borehole, the gap will be larger. As the drilling proceeds, 
the tool and the pads will move to a different depth and the new position of the pads is 
indicated by 264\ As can be seen, there is an overlap between the positions of the 
pads in azimuth and in depth. The tool orientation is determined by the microprocessor 
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vti This overlap provides redundant measurements 
272 from the directional sensors 271. This overlap p 

, ae describ ed below with reference to FIG. 5A and 
of the resistivity that are processed as described 

SB. 

would occur in less than one second. 

. «f the sensor pads in one embodiment of 
FIG. 3C illustrates the arrangement of the sensor p 

• nan Shown ate the dnUingshaft 2.0 with the non-rotating sleeve 
the present mvent.cn. Shown ar ,~ The 

, u „ Pads 264 with sensors 301 are attached to sleeve 262. The 
262 mounted thereon. Fadswwu 

LL-.--— — T 

• ~'*m induced in the two toroids. This magnetic 
.inferential magneuc field is induced in 

^aa.^senso.^.^a^^ — ~— 

, „, bairn substantially radial. Such an 

^acent to the sessora, with the leakage autre* bong subst 
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arrangement has been used before in wireline logging but has not been attempted 
before in measurement while drilling applications. The .shaft 260 is provided with 
stabilizer ribs 303 for controlling the direction of drilling. 

In an alternate arrangement shown in FIG. 3D, the pad 324 is coupled to the 
shaft 340 by the mechanism for engaging the shaft to the borehole (not shown), so that 
it rotates with the shaft rather, than jb.eing non-rotating. The stabilizer 333 serves the 
same function as in FIG. 3C while the current carrying toroids 323 produce an electric 
field that operates in the same manner as in the discussion above with respect to FIG* 
3C 

FIG, 3E illustrates the arrangement of density sensors according to the present 
invention. Shown is a cross section of the borehole with the wall designated as 326 
and the tool generally as 258, The pads engage the walls of the borehole with a 
radioactive source in pad 364a and receivers on pads 364b and 364c. This 
arrangement is similar to that used in wireline tools except that in wireline tools, the 
source is located in the body of the tool. 

The pads couid also have elastic ( commonly referred to as acoustic) 
transducers mounted on them. In the simplest arrangement shown in FIG. 3F, each 
pad has a three component transducer ( or, equivalentiy, three single component 
transducers) mounted thereon. The transducer is adapted to engage the borehole wall 
and capable of pulsating or vibratory morion in three directions, labeled as 465a, 465b 
and 465c. Those versed in the art would recognize that each of these excitations 
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*o the formation that can be detected at other location, in the simplest 

sod ^ to ««J^-*^°- t * W,4 - iC " ta " ,a * r 
^tcesuoau^cefot-donao^ea*. DependinguponUre direct of the 

p^s on the individual pads, congressional and pdariaed shear wave, are 

preferentially radiated in dnSrent.directions. 

nG .u^^ac^onofaae, of revere VSPdata^cordtag^*. 
p^Unv^ApluraUtvof^cdetec^^Oa.edUposedatthes^ 
510 Abor ehole a .dH«ed by ad^hit S S.a t *eendofad«««i SS hown. 

^houndariessnchassnand^anddetectedatdtesntfacehy.hede.ectorss... 

whM is called a reverse Vertical Seismic Profile CVSP) and U a powerful method of 
ima ^ g fonuations ahead ofthedrifihi, Processing ofthe data according to Known 

WhUe^VSPsu^thednn 

.u^faaaseiandcsourcehaveheen^used^epaat.resul^egenerafiyno, 

^factory due ,0 a Ueh of Unow.cdge of the chides of fire seisnuc si^ and 
^etopoorS/Wrafio.Thepteaentinvenfion.inwhich.hes.urceUwefichatactenzed 

^Isinessenfial.ythesanteposifiononanon.rotatings.eevehaatheahUityto 

- ,u ^; e mir art would be familiar with the pattern of 
same position. Those versed m the seismic art wouio 
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energy radiated into the formation by the different directions of motions of the 
transducers 465 and their arrangement on a circular array of pads. 

Those versed in the art would also recognize that instead of seismic pulses, the 
seismic transmitters could also generate swept-frequency signals that continuously 
sweep through a selected range of frequencies. The signals recorded at the 
transmitters can be correlated with the swept frequency signal using well known 
techniques to produce a response equivalent to that of an impulsive seismic source. 
Such an arrangement requires less power for the transmitters and is intended to be 
within the scope of the invention. 

The VSP configuration could be reversed to that of a conventional VSP, so 
that downhole sensors on a non-rotating sleeve measure seismic signals from a 
plurality of surface source positions. Such an arrangement would suffer from the 
disadvantage that a considerably greater amount of data would have to be transmitted 
uphole by telemetry. 

In an alternate arrangement (not shown), two sets of axialiy spaced-apart pads 
are provided on the non-rotating sleeve. The second set of pads is not illustrated but it 
has an arrangement of detectors that measure three components of motion similar to 
the excitation produced by the sources 465. Those versed in the art would recognize 
that this gives the ability to measure congressional and shear velocities of the 
formation between the source and the receiver. In particular, because of the ability to 
directly couple a seismic source to the borehole wall, shear waves of different 
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. be nenerated and detected. The* versed in the art wo^d Vnov, that 
polarization can be gencra^ea aim 

- ^.different shear waves with different polanzaaon and 
in an anisotropic formauon, two different shear 

r^d.^to^^^-.^^d^to^- 

fracturing information. 

• • • ft heboreho.e !» parted, it enab.e* the devic^oobttm 
suAcesb the viaroty of the borehole, top 

dis*ances to seismic reflectors in the vicinity of the borehole. This infonnation ts usefijl 
particular geologic formation. 

with 



Th cse versed in the art would recognize that by hav,ng an , 

* — St. an a^ente^ laddered » be — 

drillstring. 
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The formation sensor assembly discussed above with respect to FIG- 2 is 
located cn a non-rotating sleeve that is part of a drilling assembly which includes a 
downhoie mud motor. Those versed in the art would recognize that an equivalent 
arrangement can be implemented wherein instead of a drillstring, coiled tubing is used. 
This arrangement is intended to be within the scope of the present invention. 

In an alternate embodiment of the invention, the formation sensor assembly 
could be directly mounted on the rotating drillstring without detracting from its 
effectiveness. This was discussed above with respect to resistivity sensors in WG. 3D 

The method of processing of the acquired data from any one of these 
arrangements of formation sensors is discussed with reference to FIGS 5A- SB. For 
illustrative purposes, FIG. 5A illustrates the Enwrapped" resistivity data that might be 
recorded by a first resistivity sensor rotating in a vertical borehole as the well is being 
drilled. The horizontal axis 601 has values from 0° to 360° corresponding to azimuthal 
angles from a reference direction determined by the directional sensor 271. The vertical 
axis 603 is the time of measurement. As the resistivity sensor rotates in the borehole 
while it is moved along with the drill bit, it traces out a spiral path. Indicated in FIG 
5 A is a sinusoidal band 604 corresponding to, say, a bed of high resistivity intersecting 
. the borehole at a dipping angle. 

In one embodiment of the invention, the downhoie processor 272 uses the 
depth information from downhoie telemetry available to the telemetry device 286 and 
sums all the data within a specified depth and azimuth sampling interval to improve the 
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S/N ratio and «o reduce «he amount of data «o be «ored. A typica! deptit sampling 
ime ,val wou!d be one inch and atypical azimuthal sampling interval b 1S> Another 
m e,hod of reducing me amount of data stored would be to discard redundant samples 
whhin the depth and arimum sampling interval. Those versed in me art would 
recognize mat a 2-D filtering of the data set by known techniques cou!d be carried out 
pnoJt o the data reduction. The data after this reduction step P displayed on a depth 
scale in FIG SB where the vertical 605 U now depm and the horizontal ads 60! is 
stUl the azimuthal angle wtm respea to a reference direction. The dipping resistive bed 
position is indicted by the sinusoid 60*. Such a depth image can be obtained Iron, a 
time image if a. times such as 60, and 609, the absolme depth of the resistivity sensor, 
607' and 609' were known. 

As a backup or as a substitute for communicating depth infontndion downhole. 
the microprocessor uses data from the addition* resistivity sensors on the pads to 
aerermm. a rate of pene^auon during the drilling This is iUu*rated in FIG SA by a 
second resistivity band 616 corresponding. o the same dipping band 604 as measured 
a, a second resistivity se^or dtrectiy above the fits, resistivity sensor. The spacing 
between the firs, and second retistivhy sensors being known, a rare of penetration is 
compured by the microprocessor by measuring «ne nme shin b*ween ,h= bands 604 
a „o 616. The time shift between the bands 604 and 606 could be determined by one of 
many metitod, including cross-correlation tec^uos. This know.edge of the rate o, 
penetration se^es as a check on me depth information communicared downhoie and, 
in the absence of the downhoic relemety data, can be used by hsdf caiculare me 
depth of the sensors. 
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The method of processing discussed above works equally well for resistivity 
measurements made by sensors on a non-rotating sleeve. As noted above with 
reference to FIG. 3B, there is still ai slow rotation of the sensors that provides 
redundancy that can be utilized by the processor 272 as part of its processing-befbre- 

transmission. 

FIG. 6A illustrates the flow of data in one embodiment of the invention* The 
plurality of azimuthal data sensors (301 in FIG. 3A) are depicted at 701. The output 
701a of the azimuthal data sensors 701 is azimuthal sensor data as a function of time. 
The direction sensors (271 in FIG. 2) are denoted at 703. The output 703a of the 
direction sensors 703 is the azimuth of the drilling assembly as a function of time. 
Using timing information 705a from a clock 705 and the information 709a from the 
drilling ahead indicator 709; the processor first, carries out an optional data decimation 
and compression step at 707. The drilling ahead indicator uses a plurality of 
measurements to estimate the rate of advance of the drill bit. A sensor for measuring 
the weight on the drill bit gives measurements indicative of the rate of penetration: if 
the weight on the drill bit is zero, then the rate of penetration is also zero. Similarly, if 
the mud flow indicator indicates no flow of the mud, then too the drill bit is not 
advancing. Vibration sensors on the drill bit also give signals indicative of the forward 
movement of the drill bit. A zero value for weight on the drill bit, mud flow or drill bit 
vibration means that the sensor assembly is at a consta.it depth. 
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Th , ttep of data decimation and compression may stack data *™ * 

K„ffe7U A memory buffer with 16 MByte 

_ Mbeta o« nt o t ho«ve re = d ^e^*ea ri np iP ecome SfaS e g me. B o f 30 ft «, 

u ■ *AAaA at the wellhead as drilling progresses, 
successive segments being added at the weun 

• . -. . (hnaion of aammh and depth. This image is 
buffer 711 to give an image tnatts afunaton 

„K„ffer With 16Mbytesofmemoty.it is possible 
stored downhole at 721 in a memory buffer. Wrtn 

t0 store ,700 fee, of data downhole .ith a 1 inch resolurior, This data is iater 

^ce^Byproce^gthedaudo^emthis^thedemandonrhe 
^devieeusreaoyreducedandhonnbeusedfortmnsmrtdnso.erdau 

rdaong to the drilling motor and the drill hit uphole. 

The memory re,uirement for storing** dau are easily computed. For 

*~r*+ data with a resolution of 1 x 1 
example, for an 8 W hole, storage of one foot of data vn 
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requires (12) x (it x 8.5) x 4 - 1282 data points. (Those versed in the an would 
recognize the factor of 4 as arising from having to satisfy the Nyquist sampling 
criterion in two dimensions). For 5000 ft. of data and 16 bits (2 bytes) per data 
sample, this gives a total of 12.82 MBytes. This is a reasonable size for a memory with 
presently available hardware and can, of course, be increased in the future as memory 
devices become more compact. 

Where the depth data is not available downhole, the situation is changed due 
the variability of the drilling rate. The system must be able to collect data at a fest 
drilling rate of 200 ft/hr. as well as at a slow drilling rate of 20 ft/hr., a factor of 10 
variability. Systems that do not know the drilling rate will need to store data to 
accommodate the fastest drilling rate (200 ft/hr. in this example). If the hole is 
actually drilled at 20 ft/hr, then the amount of data thatwould have to be stored 
downhole in the absence of any processing and decimation becomes ten times as large: 
130 Mbytes in the present example. This amount of data storage is at present 
impractical with available hardware. 

The arrangement shown in FIG. 6A does not use any telemetry data from the 
surface to compute depth. In an alternate arrangement shown in FIG. 6B, a depth 
calculation is performed downhole at 759 to give an actual position of the sensor 
assembly using information from a number of sources including telemetry data. One is 
the timing information 755a from the clock 755. A drilling speed sensor gives an 
indication of the drilling speed . Drilling speed 756a is obtained from one of two 
sources 756. In one embodiment, a downhole inertial sensor (not shown) is 
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mhtalizeri each time that drilling is stopped for addmg a section of drill pip* The 
information from this inertia, sensor provides an indices of drilling speed. In 
addition, or as an altem-ive. drilling speed transmitted from the surface by «he 
downlink telemetry couid be used and received at .he downhole telemeny device 286 
is used. 

An indicator of the drilling section completed 761. as discussed above with 
reference to 713 in FIG. 6A is used as an additional input for .he depth canons, as 
U an estimate front rite dulling ahead indicator 763, discussed above wfch reference to 
709 in FIG. 6A. This depth calculation 759a is used in data compression and 
decimation 757 (as discussed above with reference «o FIG. 6A) to process datit 751a 
from the aahnumal measurement sensors 751 and rite daa 753a oriental sensors 
,53. The image processing at 765 gives rite image data as a ftmction of depth 765a, 
this data being stored downhole 767 whh rite same resolution a, at 72! in FIG. 6A. 
The processing scheme of FIG. 6B does no, require tite memory buffer 71 1 «ha, is 
present in FIG. 6A; however. ,. does require more depth data .o be transmitted 
downhole. thus tying up the .elemetry link to some extent. 

As noted above in the discussion of FIGS. 5A- SB. a combination of both 
mwh ods could also be used. i.e. perform depth calculations from sensor dale downhole 
in addition to using downlinked data. 

The discussion above was with respect to resistivity measurement, Any other 

scalar measurement ^^m****^**™*^***""** 

20 



r 



S/N ratio prior to transmitting it uphole by telemetry. Vector data, such as acquired by 
compressional and shear wave transducers requires somewhat more complicated 
processing that would be known to those versed in the art. 

As mentioned above, the data transmitted from downhole is indicative of 
resistivities at uniformly sampled depths of layers of the formation. The data is 
transmitted in real time. The processes and apparatus described above provide a 
relatively high resolution color image of the formation in real-time. The resolution of 
this image may be enhanced even further by using various image enhancement 
algorithms. These image enhancing algorithms would be familiar to those versed in the 
art- 

The basic sensor configuration of FIG. 3C is also used in another embodiment 
of the invention to make Nuclear Magnetic Resonance (NMR)measurements. This is 
illustrated schematically in FIGS, 7A and 7B. The sleeve 862 is provided with at least 
one pad 880 that makes contact with the borehole wall. Included in the pad is a 
permanent magnet assembly 883 denoted here by individual magnets 883a, 883b and 
883c: In a preferred embodiment, the two magnets on the sides are oriented with like 
poles in the same direction and the magnet in the middle is oriented with its poles 
opposite to the poles of the side magnets. With the arrangement of magnets shown, a 
static magnetic field is produced within the formation adjacent to the pad 280. As 
would be known to those versed in the art, there is a region, known as the region of 
examination, within which the field strength is substantially constant and the field 
direction is radial. 
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NMR measurements are mad, by inducing a Radio Frequency (RF) field in tire 
formation that ha, a direction tha. is orrhogona, ,o the static magnetic fie.fi and mafcng 

^gement in which a conductor 886 is arranged in an axial direction in the pad 880 
^th e conducting shea* 8.8 and soft fernre 887. By pulsing anRF current tough 
*. conductor 88fi whh a rerun, P*h through the sheath 888. anRF magnefic fi d d is 
ind uced in Ac formation with asubatitnfislly tangential field direction, U„ 
^erentia. wuh respect to Ute axis of fit. boreho... This is orrhogona, to fit. surtc 
fi8ld in the region of examination. The — er is tumad on and fire arrangement is 
W to measurefteRFfidd produced by the relaxation of the spin induced by the RF 

field within the formation. 

An alternate arrangement of the permanent magners is Ulustiated in perspective 
viewh.FIG.7C. A pair ot permanent magnets 785a and 785b in the shape of arcuate 
segment of cylinders are disposed in an ax,al direction with the direction of 
magnetiaation of the two magnets in opposite direction, This, or simUar arrangements 

formation whh a substantia!* uniform field strength having a radia, field direction, 
inclusion of a ferri,. element ,86 between tite magneu helps in shaping the regmn of 
agination. The RF coil arrangemen, of FIG. 7B is used to produce an „ fieid -h 

a tangential component wthin the region of examination. 

uJ„.„ RF antenna airangemeM that can be used with 
FIG. 7D illusttates an alternate RI- antenna ai s 

-„.„firrf: 7B or FIG. 7C. Sheet conductors 791a 
the permanent magnet arrangements of FIG. 7B or ri 
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and 791b are arranged in arcuate portions of the pad (not shown). When the antenna 
is pulsed with an RF signal, an RF magnetic field with a substantially longitudinal 
component is produced within the fonnation adjacent the pad. This field is orthogonal 
to the radial static field produced by the permanent magnet arrangements of PIG. 7B 
or PIG. 7C 

Those versed in the art would recognize that by using a single magnet (instead 
of a pair of opposed magnets) in the configuration of FIG. 7C, a static field that is 
substantially longitudinal is produced in the formation in the vicinity of the borehole. 
The RF antenna arrangement shown in FIG. 7B that produces an RF field in the 
formation having a substantially tangential component (circumferential with respect to 
the longitudinal axis) and could be used to make NMR measurements because of its 
orthogonality to the static field. Alternatively, a circular RF coil with its axis in a radial 
direction (not shown) with respect to the borehole axis can be used to produce a radial 
RF field that is orthogonal to the longitudinal static field to make NMR measurements. 

Those versed in the an would also recognize that with any of the 
configurations discussed with reference to FIGS 7A- 7D, using a plurality of pads 
. oriented in different directions, or by making measurements with a single pad at 
different azimuths, azimuthal variations in the NMR properties of the formation can be 
determined. Such an azimuthal variation could be caused by fractures in the formation 
that are aligned with fracture planes parallel to the axis of the borehole, so that the 
amount of fluid in the fonnation (which is what determines the NMR response) has an 
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azra , ^examination does not change 

« is rotating 

. v «. • me Rtf transmitter/receiver 

^^^^asser^yindudes.pa* 
suto antWl, non-rora««> S sleeve 962. The p 

M V The measurement made by the BP assembly 
would be aamuthalry dependent rf there is any 

, • ^axeused.odete^pethereris.ivityof.hefonnapon. M 
Each of the stabilizers 1023 is pro kw 

r::.-- ■ — 

are set. The ^ ^ cradled fey ^ 



to receiver distances. The antenna 



least two transmitter 1 

- ,i t ; fl « '-nown electromagnetic 
a 1 0S2 at a suitable location. Using *nown 
electronics module 1052 at a 
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induction logging methods, the transmitter sends out a pulse at a frequency and the 
amplitude and phase of the signal received by the receivers in the receiver modules is 
used to determine the resistivity of the formation. The frequency of the transmitted 
signal is typically between 1MHz and 10 MHz.. With the azimuthally disposed 
arrangement of the stabilizers 1033 and the receiver modules 1054 on the stabilizers, 
this embodiment makes it pdsslbfe to determine an azimuthal variation of resistivity. 
When multiple frequency signals are used, both the resistivity and the dielectric 
constant of the formation may be determined using known methods. 

The embodiment shown m Fig. 9b has the electromagnetic receivers in a pad- 
mounted configuration. In an arrangement similar to that of Fig. 3C, the pads 1164 
are mounted on a sleeve 1105. The pads may be extended to make contact with the 
formation using hydraulic, electrical or mechanical arrangements (not shown). The 
transmitter 1150 is also mounted on the sleeve. The electronics control for the 
transmitter and the receiver may be mounted at a suitable location 1152. As with the 
embodiment disclosed in Fig. 9a, azimuthal variations of electrical properties may be 
determined by amplitude and-phase measurements of the received, signal folio wittg 
excitation of the transmitter 1 150. 

Fig. 9c shows transmitter-receiver module 1200 suitable for use for higher 
frequency induction logging with a signal at 1GHz or more. This module may be 
mounted in the recess 1035 of a stabilizer 1033, as shown in Fig. 9a or on a pad, such 
as 1164 in Fig- 9b. The module is provided with at least two transmitter slots 1202 
and receiver slots 1204 with the respective transmitter and receiver coils (not shown) 
behind the slots. The transmitters are preferably disposed symmetrically about the 
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receiver, The , «o receiver cUunces to this ^oduie ere consider toss 

^ ;„ rne embodiments M. h Fig, H. 9b nesting the use of high 
frequency signals (1GHz or more). 

„ another embodiment of .he tovennon. taducuon measurement ere otoetoed 
ustog the eiectrode element of Fig. 3A. For e^ple, referring » Fig 3A, .he 
.ecrodes^^Uoeouidheused — 

one receiver whOe the etoctrodes 30.ce, 3.1«b consume e second recover. 

The foregoing deeenpuon has been iimhed to specinc embodim** of this 

^tovention. to parUctoar, rhe tovendon ma y he modmed to .aire densir, end 
acoustic measurements. 
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Claims 

1- A Measurement-while-Drilling (MWD) apparatus 
mounted on a drilling assembly for determining a 
parameter of interest of a formation surrounding a 
borehole, said apparatus comprising: 
a rot at able housing ; 

a directional sensor disposed in the housing for 
making measurements related to the orientation of the 
housing; 

a telemetry device disposed in the housing, said 
telemetry device adapted to receive depth information 
from an uphole controller; 

at least one formation evaluation sensor 
operatively coupled to the housing, said at least one 
formation evaluation sensor in contact with the 
formation to make measurements related to the parameter 
of interest; and 

a processor for determining the parameter of 
interest from the measurements, made by the directional 
sensor, the depth information and the measurements made 
by the at least one formation evaluation sensor. 

2. The MWD apparatus of claim l, wherein the telemetry 
device is further adapted to transmit the determined 
parameter of interest to the uphole controller. 

3. The MWD apparatus of claim 1 or 2, wherein the 
drilling assembly is. conveyed on a drilling tubular 
selected from: (ij a drillstring, and <ii) a coiled 
tubing . 

4. The MWD apparatus of claim 1, 2 or 3, further 
comprising a substantially non-rotating sleeve coupled 
to the housing, and wherein the formation evaluation 
sensors are carried by the sleeve. 
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5. The MWD apparatus of any preceding claim, further 
comprising a pad carrying the at least one formation 
evaluation sensor. 

6 . The MWD apparatus of claim 5 , further comprising an 
extension device for moving the pad from a retracted 
position to an extended position wherein the pad makes 
contact with the formation, said device selected from 
the group consisting of: (i) hydraulically operated, 
(ii) spring operated, and (iii) electrically operated. 

7 The MWD apparatus of any preceding claim, wherein 
the parameter of interest is selected from the group 
comprising: (i) resistivity of the formation, (ii) 
density of the formation, (iii) compressional wave 
velocity of the formation, (iv) fast shear wave velocity 
of the formation, (v) slow shear wave velocity of the 
formation, (vi) dip of the formation, (vii) 
radioactivity of the formation, and (viii) resistivity 
image of the borehole. 

8 . The MWD apparatus of any preceding claim, further 
comprising at least one stabilizer coupled to the 
housing for stabilizing the apparatus during drilling 
operations, and wherein the at least one formation 
evaluation sensor is carried by the at least one 
stabilizer. 

9. The MWD apparatus of any preceding claim, further 
comprising a transmitter antenna for inducing an 
electromagnetic signal having a frequency into the 
formation, and wherein the at least one formation 
evaluation sensor further comprises two axially spaced 
apart receiver antennas for receiving the signal induced 
in the formation by the transmitter. 



10. The MWD apparatus of any of claims 1-8, wherein the 
at least one formation evaluation sensor further 
comprises two spaced apart electromagnetic transmitter 
antennas on a pad for transmitting an electromagnetic 
signal having a frequency into the formation and two 
spaced apart receiver antennas on the pad for -detecting 
the electromagnetic signal induced in the formation by 
said transmitter antennas, the transmitter antennas 
being symmetrically disposed about the receiver 
antennas . 
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